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ABSTRACT: Among the various analysis modes which can be used in FTIR spectroscopy,
the internal reflection mode enables us to gain near-surface information on solids or
liquids. The interaction between the evanescent field created upon internal reflection
of the infrared beam and a sample can be used to monitor the uptake of water molecules
by a polymeric film. In this technique, a polymer film of sufficient thickness is applied
to a substrate and a special cell is used to study the water diffusion in the polymer
films. Spectra were taken automatically at specified time intervals without disturbing
either the specimen or the instrument. Results for polystyrene and poly (methyl methac-
rylate) films applied to a ZnS substrate are presented to demonstrate the method. The
diffusion coefficients of water in these polymers are calculated using the sorption kinet-
ics approach, and the diffusion process in each type of polymer is discussed. The effects
of the molecular weight and defects in the films on water transport in the polymers

are illustrated. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 2465—-2473, 1997
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INTRODUCTION

When a molecule diffuses through a polymer film,
it is interesting to follow its in-depth distribution
as a function of time in order to determine the
diffusion mode. Several recent papers'™ have
dealt with diffusion in polymer films and various
classes of diffusion have been identified. Gener-
ally, the Fickian diffusion of solvents into poly-
mers (case I) is characterized by a relaxation of
the polymer, which is fast in comparison with dis-
placement speed of the solvent front. A non-Fick-
ian diffusion (case II) is characterized by a sharp
concentration profile and a relaxation of the poly-
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mer, which is slow when compared to the rate of
the diffusion front. The differentiation between
Fickian and non-Fickian behaviors is not clear
and some polymers follow pseudo-Fickian® be-
havior.

Diffusion coefficients of small molecules in
amorphous polymers are readily measured by the
use of gravimetric techniques.® Fixed boundary
conditions are maintained and the approach to
equilibrium is monitored as the polymer takes up
the diffusant. When the system obeys the second
Fick law, the plots of mass gained versus %45
(t = time) are linear for short duration, and even-
tually reach some equilibrium sorption level for
longer times.

For a plane film geometry, the diffusion coeffi-
cient D may be obtained from the half sorption
time (¢05), and the film thickness,” 2L:
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In this work we have developed a nondestructive
spectroscopic technique by which the uptake and
diffusivity of small molecules, such as water in a
polymeric coating, can be evaluated in situ. The
corresponding experiment utilizes Fourier trans-
form infrared spectroscopy (FTIR) in the multiple
internal reflection (MIR-FTIR) commonly known
as attenuated total reflection (ATR-FTIR). Infra-
red spectra are recorded as a function of time
while uptake and water diffusion within the film
proceed. By following the intensity change of some
infrared absorption bands characteristic of the
water molecules as a function of time, it is possible
to calculate the corresponding diffusion coeffi-
cient.

The MIR-FTIR method offers many advantages
over gravimetry to measure water or solvent diffu-
sion in a polymer film. First, there is no need to
blot the surfaces to remove excess liquid because
the diffusion takes place in situ. Removing excess
liquid on sample surfaces is one main experimen-
tal error associated with the gravimetric tech-
nique. Second, it is difficult to handle and mea-
sure the mass gain with good accuracy for thin
films (<10 um) by the gravimetric technique.
Third, the spectroscopic method used in this arti-
cle allows one to measure liquid mass uptake into
polymer films having high diffusion coefficients.
This cannot be done with sufficient accuracy by
the gravimetric method because a significant
amount of penetrant may desorb when the sample
is removed from the solution. Fourth, the MIR-
FTIR technique may provide in situ information
about chemical reactions (e.g., polymer degrada-
tion) or physical interactions (e.g., hydrogen
bonding) that may occur between the polymer and
the diffusant. And lastly, it is also possible to use
this method to study the influences of defects and
microstructure inherently formed during the film
application and formation. In this paper, we pres-
ent a method based on MIR-FTIR to measure the
diffusion coefficients of liquid in polymer films ap-
plied to a substrate. The experimental method de-
scribed here was designed primarily to measure
in situ liquid water mass uptake and diffusion
based on sorption kinetics, but it can also be suit-
able for vapors, or for other liquids.

THEORETICAL

We use a model derived from the second Fick law
in which the diffusion coefficient is constant.® The

general equation for the diffusing species reduces
to?:

oC 9°C
—=D— 1
ot 0z* (1)
where C is the diffusant concentration and D the
diffusion coefficient. A classical solution for a poly-
mer film of thickness 2L placed in an infinite bath
of diffusant is given by?:

(" | =D@n + 1)%m?t
4L°%

(2n + 1)7z
ECOS[T] (2)

with boundary conditions being zero initial con-
centration of diffusant at ¢ = 0, and the concentra-
tion at both surfaces (z = L and z = —L) being
instantaneously established at a concentration C,
at any time. Equation (2) gives the concentration
of diffusant at any depth in the film, and at any
time. Using the gravimetric method, the mass of
the sorbed diffusant is measured as a function of
time. Integrating eq. (2) over the thickness of the
film to obtain the sorbed mass as a function of
time yields:
M, - 8
M. 1 ,ZO (2n + 1)%r?
2__2
D(2n +21) ™ t} (3)
4L

X exp[

where M, is the sorbed mass at time ¢, and M..
the sorbed mass at equilibrium. For short periods,
M;/M.. = 0.5, eq. (3) can be written as:

Under these conditions, for longer periods of time,
the solution of eq. (3) can be written:

=1- xp|— 73 (5)

M, 8 —D7?%
M. 72 °

The MIR-FTIR technique does not directly give
the mass of diffusant at a given depth, but pro-



vides absorbance (A;) data, which are propor-
tional to the instantaneous mass of the diffusant
(M,). The measurement of such mass in the poly-
meric film by MIR-FTIR spectroscopy depends on
the interaction between the sample and the eva-
nescent wave produced upon total reflection
within the internal reflection element (IRE).
Such an interaction causes the attenuation of
propagating infrared beam. When a polymer film
is exposed to a diffusant, the latter can enter the
polymer and interact with the evanescent wave
and be detected. The substrate in this case is an
IRE having a refractive index higher than those
of polymeric coating and diffusant.

The electric field strength, E, of the evanescent
wave decays exponentially on penetrating the sur-
face layer of a sample, as expressed by eq. (6):

E=E0exp<—§> (6)

P

where E, is the amplitude of the evanescent wave
at the surface z = 0, and d, the depth at which
the initial amplitude E, has decreased to 1/e of
its surface value. For nonabsorbing and weakly
absorbing materials d,, is commonly known as
the “penetration depth” and is given by'’:

d, = A )

2
2nqm, [sin? — <ﬂ>
ng

where \ is the wavelength of the infrared radia-
tion and # the incident angle; n, and n, are the
refractive indices of the sample and IRE, respec-
tively.

Considering a film of thickness 2L deposited
on the IRE and analyzed by FTIR-MIR, the corre-
sponding absorbance A can be given by®:

2L
A :f e“2/%) . N £ CE?2 (8)
0 IO

where ¢ is the absorption coefficient of diffusant,
N the number of reflections into the IRE in contact
with the sample, C the concentration of diffusant,
I, the intensity of the incident light, and E, the
amplitude of the evanescent wave at the surface
(z=1L).

Since the intensity of an infrared absorption
band is proportional to the concentration by the
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Figure 1 Comparison between the absorbance ratios
calculated from eqs. (9) and (10).

Beer—Lambert law, the Fickian concentration
profile [eq. (2)] can be inserted into eq. (8). The
result of integration is given by eq. (9).

A 8y

A, [l — exp(—2yL)]

" § [exp(g)[fexp(—ZyL) + (—1)"(27)]]
ey (2n + )(4y? + f?)

(9)
where
-D(2n + 1)*r% 1
8= 4L° Y= Z’
and [ =

(2n + n
2L

Equation (9) is analogous to eq. (3) used in sorp-
tion gravimetric experiments. A.. represents the
absorbance at equilibrium and is analogous to M....
If all terms in the series beyond the first one (n
= 1) are eliminated, eq. (9) can be simplified and
S0:

Ao 8y
A, [l — exp(—2yL)]

i (—Dﬂ'2t>
eXp 4L2
i
m(i exp(—2yL) + (27))
. (10)

4y? +
(7 4L2>

The comparison between the absorbance ratios
calculated from eqs. (9) and (10) is shown in Fig-
ure 1. It is clear that only the first-order term
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Table I Characteristics of High and Low M,
PMMA Determined by Size Exclusion
Chromatography

Table II Characteristics of High and Low M,
PS Determined by Size Exclusion
Chromatography

High Low
Molar Mass Molar Mass

High Low
Molar Mass Molar Mass

Number average
molar mass

Weight average
molar mass

Polymolecularity
index 2.2 1.7

43,000 g mol * 8000 g mol !

96,000 g mol * 14,000 g mol !

Number average
molar mass
Weight average
molar mass
Polymolecularity

index 2.0 2.1

169,000 g mol™! 93,000 g mol~!

339,000 g mol™* 199,000 g mol !

predominates in eq. (9). The significance of y in
the model depends on the experimental condi-
tions. However, y can be eliminated from eq. (10)
if the experimental conditions given in expres-
sions (11) and (12) are fulfilled.

2

4y2s 11
Ve (11)
exp(—2vyL) <1 (12)

Under these conditions, eq. (10) can be reduced
to the expression:

A, 4 Dr?
In[l-—)=1In([—-]| - 1
n< A ) n(ﬂ') 4L2t (13)

1)

The diffusion coefficient D can be calculated by
linear regression from experimental points. The
value of D can also be determined from eq. (13)
by plotting the logarithm of the absorbance data
as a function of time. For period of time < 2000
s, the slope of the curve gives D.

EXPERIMENTAL

Preparation of Polymer Films

The polymer films were obtained by casting solu-
tions of poly(methyl methacrylate) (PMMA) or
polystyrene (PS) in chloroform directly onto the
lower surface of the internal reflection element
(IRE). This operation was followed by solvent
evaporation (8 h under ambient atmosphere and 2
h under vacuum). The refractive indices of PMMA
and PS films were 1.4 and 1.5, respectively, as
determined from reflectivity measurements at
various incidence angles. The molecular weights
were measured by size exclusion chromatography,
and the results are presented in Tables I and II.

PMMA and PS materials give relatively simple
infrared absorption spectra. This fact minimizes
the possibility of spectral interference between
the polymer film and the diffusant. The coating
thickness of dry films was measured using a mi-
crometer. The thickness of each coating was re-
ported as the average of three measurements.

Experimental Setup

The substrates IRE were cut from ZnS pieces (at
dimensions 46 X 20 X 2 mm) and beveled at 22.5°
in order to allow reflections under 45° incidence.
Under these conditions, the infrared beam pro-
duces 23 internal reflections within the IRE. Fig-
ure 2 presents the specimen configuration and ex-
perimental setup. The cell body was made of poly-
(tetrafluoroethylene) and mirrors of gold-coated
silicon.

FTIR Analysis

For the applications reported in this paper, the
cell was placed in a FTIR spectrometer equipped
with a liquid nitrogen-cooled mercury cadmium

: <«— Mirrors __)/44_ R boam

Y

/(— ZnS ATR crystal

Figure 2 Schematic of the MIR-FTIR cell.
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Figure 3 Sequence of time-evolved spectra from a
PMMA sample of high molecular weight (43,000 g
mol 1) on a ZnS substrate exposed to water.

telluride detector. Before filling the cell with wa-
ter, an MIR-FTIR spectrum was recorded, which
was used as the background spectrum. Typically,
128 scans were collected at a resolution of 4 cm™*.
The diffusion of water into polymer films was
measured by analyzing the absorbance change of
the OH stretching peak. Peak area integrated
from 3050 to 3700 cm ! was used to express the
intensity.

RESULTS AND DISCUSSION

Figure 3 displays MIR-FTIR spectra in the 2750
cm ! to 4000 cm ! region for a PMMA film applied
to a ZnS substrate exposed to water for different
times. The film has a thickness of 380 um and an
average molar mass M, of 43,000 g mol *. These
spectra are due to water molecules, as verified by
the MIR-FTIR spectrum of liquid water in contact
with a polymer-free substrate and using the same
cell. Figure 4 shows the normalized absorbance
(A,/A.) versus square root of time. These data
can be used for the determination of the diffusion
coefficient. Unlike the gravimetric sorption exper-
iments, we observe a “time lag” for this specimen
before the FTIR absorbance was detected. This
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time represents the time required for water to
diffuse through the film and reach the coating/
substrate interfacial region. Such a time lag has
been used by some authors*!' to determine the
value of D.

The diffusion coefficients are determined (Ta-
ble IIT) by fitting experimental data to curves cor-
responding to egs. (10) and (13). Values obtained
are in good agreement with those given in the
literature for the same polymers'? using gravime-
try technique and for other polymers using the
same FTIR technique but analyzed by the time
lag approach* (Table III). The conformity to a
Fickian behavior of this film can be inferred from
the good agreement between the value deter-
mined with eq. (10) and experimental data as
shown graphically in Figure 5. To further confirm
this observation the reduced sorption curves,
namely A,/A.. against t'/?/2L, were plotted. If the
diffusion is Fickian, the reduced sorption curves
should coincide for films of different thickness.®
This is the case for the high M,, PMMA film because
their reduced sorption curves for the 380 and 260
pm films coincide, as displayed in Figure 6.

For low M, PMMA (8000 g mol '), the diffu-
sion coefficients determined from eq. (10) and eq.
(13) are somewhat different (Table III). These
results suggest that the diffusion of water in low
M, PMMA probably did not follow a Fickian pro-
cess. This is verified by the separation of the re-
duced sorption curves of films having different
thicknesses, as illustrated in Figure 7.

Figure 8 presents the effect of molecular weight
on the water transport process in PMMA films.
For the same film thickness, the lower M, mate-
rial has a shorter initial time lag than that of the
higher M, film. This result is surprising because

1 .
0,9 + .
08 + o
0,7 + .
0,6 + o
0,5 + o
04 + o
03 + o
02+ o
0,1 + ¢

At/A=

0 50 100 150 200 250 300 350 400
2 s 17

Figure 4 Normalized absorbance (A;/A.) versus
square root of time for a high M, (43,000 g mol ')
PMMA film.
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Table III Value of the Diffusion Coefficient for Different Polymers

D*108 Temperature
(em? s7h) Polymer °C) Reference
1.27 = 0.13 PMMA [high M, eq. (10)] 25 This article
1.28 = 0.12 PMMA [high M,, eq. (13)] 25 This article
1.09 = 0.11 PMMA [low M,, eq. (10)] 25 This article
1.35 + 0.14 PMMA [low M, eq. (13)] 25 This article
1 PMMA 21 12
1.58 PMMA 30 12
1.99 PMMA 34 12
2.3 PVC 30 22
4.3 PVA 25 23

several studies have reported that the diffusion
coefficient as well as the process of sorption and
permeation in polymers are independent of the
molecular weight.'*~'® The observed effect of mo-
lar mass on the behavior of water transport in
PMMA may be explained by the diffusion process
in polymers, which consists of two steps: binding
at an adsorbed site and moving from one site to
the next. Unless the molecular weight is so low
that the effects of chain end are appreciable, the
second step should not be affected by an increase
of molecular weight.'® However, the residence
time at each binding site (first step) depends on,
among other factors, the strength of the associa-
tion between the diffusant and the binding site:
the weaker the association the shorter the resi-
dence time. For water in PMMA, the binding sites
are the polar groups, such as C=0 and C—O,
and each adsorbed water molecule probably bonds
to at least two such groups, as observed in biopoly-
mers."®

The difference in the degree of bonding between
water and C=0 groups of PMMA having two dif-

17 ..
09 + /
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0,7 T <
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04 1 o
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02+ /.' —— Calculated data

014 /
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2 72

At/Ao

o Experimental data

Figure 5 Comparison of diffusion data calculated
with eq. (10) and experimental data, for a high M,
(43,000 g mol ') PMMA film.

ferent molar masses was investigated by the MIR-
FTIR technique. Figure 9 displays the C—=O
stretching band of a high M, film before and after
water exposure. After the exposure, the C=0
band has shifted from 1730 cm ™ * to 1723 cm™'. A
shift to lower frequency of an infrared stretching
band is generally due to an increase in the degree
of hydrogen bonding.'® No such shift is observed
for the C=0 band for the low M, film. These
results suggest that the association between a wa-
ter molecule and the C=0 in the high M, PMMA
is stronger than that in the low M, film, and this
difference is probably responsible for the distinc-
tion in the time lag between the two samples. The
variation in the degree of hydrogen bonding be-
tween water and C=0 group of PMMA at differ-
ent molar masses cannot be explained by a den-
sity difference between the two PMMA, because
as it can be seen in (Table IV), the density doesn’t
seem to be a function of the molar mass for
PMMA.

One explanation for these data can be that the
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0,8 1 Rt
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03+ &

yd « 260 microns
0,2 + N
0,1+ o

At/Am

Thickness :
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t t t {
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Figure 6 Reduced sorption curves for of high M,
(43,000 g mol ') PMMA exposed to water.
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Figure 7 Reduced sorption curves for PMMA films of
low M, (8000 g mol ') exposed to water.

higher degree of hydrogen bonding between water
and high M,, PMMA could be expressed in terms
of accessibility of the bonding sites and nature of
the chains packing. From a morphological point
of view, low M,, PMMA, whose molar mass is un-
der the critical mass? M, = 30,000 g mol ', has
probably a more ordered structure, due to a higher
mobility of its chains, than high M, PMMA in
which chains can become entangled and lead to
more conformations.

The study of water diffusion in PS films shows
a different behavior as compared to that observed
for PMMA material. The transport of water from
the environment to the interfacial region for the
PS film was fast, and no time lag was observed
(see Fig. 10). This phenomenon occurred in both
low and high molecular weight films. The diffu-
sion coefficient D, calculated by least squares fit-
ting from experimental values, is ~ 6.0 x 10°®
cm?s ', The determination of D allows a compari-

1 o
.. '. -] ° °
09 + ..o o®
08 POV
. ©°
0,7 + 3 o°
06 - " oO
g O o® f/
S o5+ ¢ F
< 04+ . &
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R
02+ R o PMMA 43.000 g/mol
o1+ KR
0 PR SYIX B ; ; ; } |
0 50 100 150 200 250 300 350 400
t1/2 (slll)

Figure 8 Curves of absorbance ratios versus expo-
sure time for a high (43,000 g mol ') and a low (8000
g mol 1) M, PMMA film.
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Figure 9 Carbonyl absorption band v(C=O0) from
PMMA of high M,, (43,000 g mol ) before (A) and after
(B) water exposure.

son between experimental data with values ob-
tained by calculation. These results are displayed
in Figure 10, which indicates that the diffusion of
water in PS films did not follow a Fickian process.
The rapid non-Fickian transport of water in the
PS film was probably due to the presence of de-
fects in the bulk of this material. To verify this
postulation, a transmission electron microscopy
(TEM) analysis of PS thin sections was con-
ducted. Figure 11 presents a typical TEM micro-
graph of a thin slice (<100 nm) microtomed from
a thick PS film. This figure reveals many defects
and pores in the film. This observation confirms
a water transport process influenced by the de-

Table IV Value of the Specific Volume

for PMMA of Different M,
M, 1%
(g+mol ™) (cm® g™!)
10,000 0.8446
25,000 0.8460
40,000 0.8446
100,000 0.8453

Ambient conditions (see ref. 24).
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fects in the films and explains the lack of confor-
mity to the Fick law.

These data show the impossibility to get accu-
rate values for the diffusion coefficient of water
in PS, due to the fact that no PS film could be
obtained without defects.

SUMMARY AND CONCLUSIONS

The results presented here were selected from an
extensive study on the adhesion loss of PS and
PMMA coatings subjected to water aggression.?
The main objective of this paper was to demon-
strate the applicability of a spectroscopic method
based on multiple internal reflection Fourier
transform infrared spectroscopy (MIR-FTIR) to
study the transport of a solvent, water, in a poly-
mer film applied to a substrate. The unique aspect
of this technique is its ability to provide in situ
information on the transport process, without any
external perturbation of the specimens. The use
of classical diffusion laws, adapted to a MIR-FTIR
investigation, allows a determination of the diffu-
sion processes and coefficients. The polymer films
selected in this study exhibit different diffusion
characteristics. High molecular weight PMMA
follows a Fickian process. For low molecular
weight PMMA, the diffusion is no longer Fickian,
which is attributable to a weaker interaction of
water molecules with polar groups of the polymer.
The transport of water in PS films also did not
obey the diffusion law, and this is due to the pres-
ence of defects in the films.

The results presented in this paper demon-
strated that MIR-FTIR technique can be used ef-

1+ Y . - e
0,9 .
0,8 1 .
0,7 +
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Figure 10 Comparison of experimental diffusion data
and data calculated with eq. (10) for a polystyrene film
of high M, (169,000 g mol ).

Spm
-

Figure 11 Transmission electron micrograph of a
polystyrene film.

fectively to characterize the water transport pro-
cess in a polymer film applied to a substrate. Such
information can be used to provide the diffusion
coefficient of water in polymeric coatings and to
study the effects of film microstructure and appli-
cation parameters on the transport of water or
solvents in polymeric films.

The authors acknowledge the Center for Electron Mi-
croscopy and the Laboratory of Plastics Materials and
Biomaterials from the University of Lyon for the char-
acterization of the polymer films.
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